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Abstract

The Descent AdvisofDA) automation tool has

Introduction

The quest to achieve “free-flight'benefits for

undergone a series of field tests at the Denver Air Routairspaceusers is a drivindorce in the development of

Traffic Control Center to study the feasibility of DA-
based clearances apdoceduresThe latest evaluation,
conducted inthe fall of 1995,expandedhe operational
nature of DAtesting toinclude awider variety of test
conditions. A total of 197commercialflights from
three airlines participated in the study oweenty-three
days oftesting. Aircraft includedlarge and heavy jet
transports, both conventionadnd flight-management-
system-equippedand turboprop commuter types. The
primary objective was tomeasure DA trajectory
predictionaccuracyfor use in validating DA metering
advisoriesand developing conflict-probe erromodels.
Previous evaluations, involvintarge jet types only,
demonstrated aarrival time predictionaccuracywithin
20 sec. The 1995 test resuitglicate a mearerror of
0.5 sec latewith a standarddeviation 0f14.3 sec. The

new automation systems for both aircraft operations and
Air Traffic Control (ATC)L. Substantial benefits, in the
form of reducedoperating costs (timand fuel), will
require new tools and procedures toincrease the
realization of usemreferenceqroute, altitude,speed,
and/or time) while maintaining system safety and
robustness. Onareawith a large potential for benefit
gains is theextendedterminal area wherein aircraft
transition from relatively “unconstrained” en route
airspace to high-density terminal airspace. In the
extendedterminal area, ATC procedural constraints
(routes, altitudes, and speeds) aeeded tdfacilitate the
safe and orderly handling of aircraft in the en route,
arrival, and departure phases of flight. In additimaffic
management constraints(e.g., miles-in-trail or
metering) related toterminal areacapacity limitations

least variation was found for flight-management-systemhave a significantimpact on the cost of flight

equippedjets with a standarddeviation of 11.9 sec
compared to15.2 and 15.4 sec for conventional-
equippedjets and turboprop types respectively. This
paper describethe testand presents an analysis of the
descentrajectory predictioraccuracy interms oferrors
in the horizontal profile, altitude profileand arrival
time.
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operations. In this environment, both ATocedural
and traffic managementonstraints must beddressed
simultaneously to improve flightefficiency. The
economic benefit of flying an optimized trajectds.g.,
best wind route, speed, and altitud®p a highdensity
terminal areamay benegated ifthe optimizationdoes
not account for constraints such as metedelys and
separation.

The Center TRACON Automation System (CTAS)
is a set of ATC automation tooldesigned toassist
controllers in maximizing the efficiency of thextended
terminal areaairspace: The Descent Adviso(DA) is
the CTAS elementiesigned toassist Air RouteTraffic
Control Center(Center) controllersvith an emphasis

Aeronautics and Astronautics, Inc. No copyright is asserte@®n achieving an efficient transition from the en route to

in the United Statesinder Title 17, U.S. CodeThe U.S.
Government has a royalty-free license to exerciseighits
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the arrival phase oflight. DA assists controllers by
generating accurate, fuel-efficient clearance advisories for
the merging, sequencing, and separation of high-density
arrival traffic while providing automation assistance for
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the prediction and resolution of conflicts between
aircraft in all phases dtight (i.e., departure, emoute,
andarrival). These advisoriegill enableuser-preferred
trajectories to be extended fartheto the terminakrea,
for example, byreducingthe needfor merging arrivals
on standard routes.

The key to this technology is theccurate
prediction of aircraftrajectories, particularly when the
trajectories will include large changes in course,
altitude, and speed typically associated withakiended
terminal area.For metering purposes, reduction in
arrival time prediction error (2-sigma) from 180 gte
approximate value in today'system) to 30sec will
save approximately $1ger arrival athigh density hub
airports3 Improvements in trajectory prediction
accuracywill also extendthe effectivetime horizon of
conflict predictionand resolution advisories leading to
fewer, and more efficient, resolution actions.

The Descent AdvisofDA) automation tool has
undergone a series of field tests at the Denver Air Rou
Traffic Control Center(Center) to studyhe feasibility
of DA-based clearances armgtocedure$.5.6 Previous
evaluations, involving large jet types only,
demonstrated aarrival time prediction accuracy (mean
+ standarddeviation) within approximately 20 se&5
These data werefor en route descents(from cruise
altitude to Terminal Radar Approach Control
(TRACON) entry) of 15-20 mirdurationand based on
a single descent clearance without corrective updates.

The latest evaluationconducted atthe Denver
Center in the fall of 1995gxpandedthe operational

nature of DA testing to include (1) controller interaction

with DA, (2) a published descent procedure, (gyeater
variety of aircraft types includinglarge and heavy jet
transports, both conventionadnd flight-management-
system (FMS)-equipped, asvell as three turboprop
commuter typesand (4) an expandedset of delay

conditionsrequiring changes in cruise speed, altitude

and routing in addition to top-of-desceribcation and
descent speed’he primary objective was toneasure
DA trajectory predictionaccuracyfor validating DA
metering advisoriesand for use in developingerror
models for analysis of conflict-probg@robability.
Additional objectivesincluded the evaluation of the
published descent procedure and DAclearance
phraseology, an initial evaluation of a prototype D

display and interface, and an exploratory first look at th

use of DA conflictpredictiontools in thefield. These
additional objectives will beaddressed in aeparate

t

report. Thispaper describeshe testand presents an
analysis of thedescentrajectory predictioraccuracy in
terms of errors in the horizontal profile, altitude profile,
and arrival time.

Test Description

Approach

The test wagonducted athe Denver Centerover
two calendarperiods including Septembelr3—29 and
October 1 through November 8, 1995. The festised
on arrivals to Denvefrom the northwestnd included
the participation ofthree airlines: United Airlines
(UAL), Mesa Airlines (Air Shuttle (ASH)),and Mark
Air (MRK). Traffic periods were selectefdr moderate
arrival traffic conditionsand typically occurred in the
late morning and early afternoon.

An experimental version of the DAdescent
procedure and relategdhraseologywere developed in
concertwith the FAA and participating airlines. The
test procedure andphraseology were published by
seppeserand distributed tothe flight crews of the
participating airlines. Thigpproach allowethe test to
be conductediuring anytraffic period and involve any
flight of a participating airline. The Dfrocedures and
phraseologywere observedrom both the cockpit and
sector position. Participating controllersand the
majority of participating pilots, were eitheebriefed by
an observer or completed questionnaires.

A field-test version ofCTAS, including both the
DA and Traffic Management Advisor (TMAbpols, was
temporarily installed at thBenverCenterand activated
during discretetest periods. A prototype version of
TMA normally supports theDenver Center Traffic
ManagementJnit (TMU) with real-time analysis of
arrival traffic conditions. For the test, TMA was
operated by aCTAS engineer to provide DAwith
conflict-free meter-fix scheduled times of arrival (STAs)
based on traffic demarahd airspacecapacity. Although

TMA was operated in a shadow-modee., controllers

werenot working to meet TMA STAS), thispproach
provided an effective means to generate reasonable STA
targets for DA. Acadre ofthree full-performance-level
controllers (test controllersinteracted with DA and
coordinated clearancesith the controllers working at
the appropriate sectors. To be as conservative as

Apossible, DA-based clearances wenssued without

corrective updates tengthen the timaluration of the
rajectory predictionsand magnify errors. A DA test
engineer monitored the use of DA advisories to facilitate

2
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the collection of trajectory prediction data. DA trajectory CTAS System

predictigns and radar_ data were recorded for later The system set-up is illustrated in figure 2. The
comparison to determine prediction accuracy. CTAS system included a DA station, located next to the
participating sectors,and a TMA station, located
TestSet-up adjacent tothe TMU (approximately 75eet from the
Airspace participating sector positions). The DA statimeluded

an alphanumeric auxiliary display/interface (ADI) for the
test controllersand afull DA color graphical user
interface for the test engineer. The ADI wEsigned to
emulate a simple meter-list display concept that may be

ossible to implement on theurrent Plan View

isplay hardwareThe full DA interfacewas used for
data collection and conflict prediction! The TMA
station included the normal complement of TMA
displays for displaying arrivaraffic demand and delay
in plan view, timeline,and load graph format$. For
this test, the TMA station also included a display of DA
data for monitoring the test activities, as well adam
link communications termindlor accessinghe UAL
dispatch database andacilitating two-way data link
communications with UAL flight crews via the ARINC
[AeronauticalRadio, Inc.] CommunicationAddressing
and Reporting System (ACARS).

Figure 1 illustrates thdfield test airspace and
depicts the general boundaries for sectorari814, the
primary test sectors thdssued DA-based clearances.
Sector 14 is responsible for high-altitude traffic, at or
above flight level (FL) 270, and sector 13 is responsibl
for low-altitude traffic, belowFL270. Typically,sector
14 performs theinitial sequencing of high-altitude
arrivals, initiates descents to FL27éndthen hands-off
to sector 13. Sector 13 merges the high anddtitude
arrivals forhand-off tothe TRACON at the TOMSN
and RAMMS meter fixes. Themeter-fix crossing
restrictionsrequiredjets to cross RAMMS at doelow
250 knots indicated airspeed (KIAShd at17,000feet,
and TOMSN at or below 250 KIA8nd atFL190. The
crossing restriction for turboprops at both mdires
was 16,000 feet with no restriction on speed.

EBW The CTAS test system wasonfigured on a
distributed network oSun Microsystems workstations

including five 19" color monitors, nine Sparc 10
' Sector 13 (low)| T .
S processorsand one Britelite portable computer. This

configuration represents the baseline systequired for
TMA with the addition of two processors, two displays,
and one portable computer to support DA functions and
data collection.

RAMMS
CTAS receivedreal-time updates afadartrack and
DWW flight plan datafor arrivals from the Center's Host
FQF computer via aone-way (Host-to-CTAS) interface.
Figure 1. Field-test airspace. CTAS also received predictions of the winds and

temperatures alofbased onthe Rapid Update Cycle

Participating jet flights typicallarrived onone of ~ (RUC) 3-hour forecast.The datalink communications
three routes: J154 from the northwest (Seattle anderminal wasused to coordmatepemaldelay/expgdlte
Portland) via ALPOE and the RAMMS1 standard C@S€S aswell as two-way data exchange with

terminal arrival route (STAR); J56 from the west (SaltParticipating flight crews. Thelataexchangencluded
Lake City and Boise) via Hayden (CHE) and the the downlink of aircraft weight, for input to CTAS, and
TOMSN1 STAR: and J100 from the southwest aircraft/atmospheristate (Mach/IAS, temperature, and

(Northern California) via Meeker (EKR) and the Wind) for cross-checking Host track and RUC
TOMSN1 STAR. The majority of participating atmospheric dataFor several cases, windsom the

turboprop flights arrived from satellite airports in CTAS descenprofile were uplinked to FMS-equipped
Montanaand Wyoming viaMedicine Bow (MBW) and aircraft for use in the airborne descent calculations.
the RAMMS1 STAR.

3
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y, velocity) and controller intent. Nominally, theedicted
a%":f;z path is based on the flight plan route. DA monitors the
4 aircraft to determine if it istracking the flight plan

TMA Station route. If not, DAgenerates @ath to re-join the flight
plan route or joinanother routedesignated by the
controller. The controller may also constrain the
trajectory solutions in terms ofruise altitude cruise
speed, descergpeedprofile (Mach/IAS), and top-of-
descent location (TOD). These constraints enable DA to
complement individual controller technigaed to adapt
to pilot-imposed constraints such gieedchanges for
turbulence penetration, or patthanges forweather
avoidance. In addition, the controller may also direct DA
VHE to generatgrovisional trajectorysolutions to help the
controller visualize theffect of a clearance before it is
issued.

Traffic Management Unit

(7
Aty

'.:4&",\7"1.‘1. s

Vertical profiles are generatedwithin  ATC
constraints to befuel-conservative (i.e., minimum
flight at loweraltitude),and to be aslose as possible
to the operator's (pilot or airline operatioraintrol)
preference. Preferencesay bedefined in adatabase or
input in real-time. Currently, alatabase is used to
define default descent speed preferences fasaion of
aircraft type andoperator. Thedescent speed arather
preferences(e.g., route, altitudecruise speed, or an
Full DA ADI entire 4D trajectory) may beefined bythe operator for

DA Station individual flights and input to DA manually or via
datalink11,12

Figure 2. DA test setup.

. DA Advisories
DescentAdvisor ] )
_ _ The trajectorysolutions are translatednto ATC
TrajectorySynthesis clearanceadvisories whichinclude cruise speed,OD,

The cornerstone of DA is a trajectosynthesis descent speegbrofile (Mach/IAS), and vectors. The
algorithm which generatesFMS-like 4D trajectory  vectoring advisories include direct-headings and
predictions!O Trajectory predictioraccuracy isachieved pathstretch. Direct-headings providethe magnetic
through the use ofdetailled models of aircraft  heading tothe next fix, correctedfor wind drift, for
performancepilot procedures, operator preferences, andhircraft that are not area-navigation equipped. The
atmospheric characteristics (windmd temperatures pathstretch advisory is based on projectingaineraft's
aloft). DA uses the trajectoryrediction process to currentvelocity vectorforward until a turnback to the
generate ATC clearance advisories to meettraffic next planned fix would result in meeting the STA. The
management constraints such as T&A-generated pathstretch advisory idisplayed interms of adistance
meter-fix STA. The advisories are generated by iteratiorfor time) to gountil the turn back. DA monitorsach
on clearance “degrees-of-freedor(®.g., speedprofile,  aircraft's progress to provideedback onthe aircraft's
altitude, and routing) until the predicted trajectory meetxonformance to thelearedroute, vertical profilgspeed
the traffic managemenand airspaceconstraints.These  andaltitude),andtraffic managementonstraints(e.g.,
trajectorysolutionsarethen used to predict separation STA).
between flights and to support DA conflict detection and
resolution functions. In addition to theclearanceadvisoryfunctions, DA

contains spacingand conflict detection/resolution
functions. The spacing functiopredicts the spacing

The trajectorysolutionsare continually updated to  betweentwo or more aircraft when the firstaircraft
reflect changes in aircrafitate (position, altitude, and passesabeam a selectetkferencefix. The predicted

4
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spacing is themreported tothe controller in terms of

aircrafttype, altitude,and speed.Field sevenindicates

either the relative separation, or equivalent miles-in-traithe distance toTOD (n.mi.) from the reference fix

distance, depending on controller preference. The
conflict functions probe thepredicted trajectories to
determine if the relative separation betwésn aircraft

will fall below a minimum (specified by the controller).

This analysis is automaticallypdated toinclude the
latest DA trajectory prediction$redictedconflicts are

displayed in field eight. The reference fix is
automatically chosen by DAased onthe flight plan
routeandmay bemodified bythe controllerWhen an
aircraft is within a parameter distancifom the TOD
(e.g., 5 n.mi.), theTOD advisory switches to a
countdown of distance (n.mi.) from the aircrafiesent

then displayed in terms of the aircraft involved, the timeposition (PP). Field ninalisplays thedescentspeed

(min:sec) until first loss of separatioandthe predicted

advisory status whichindicates whethethe controller

position of each aircraft at the first loss of separation. lhas suppressed descent speed advisories (“S”), issued the

a conflict is predicted, controllers may use DA to
evaluatetheir own resolution strategies vimanual

inputs. Automated functions for resolving conflicts
with arrivals have beerdeveloped andevaluated in
earlier versions of DA but were not included in the
system forthis test. The conflictprobe and spacing
tools wereavailable at the engineerirggation forthis

test for use in setting up test conditions ¢onflict-free

descents.

DA Auxiliary Display andinterface
The ADI included a keyboardnd mouse forinputs

advisory as a clearance (“D”), or input their odescent
speed profile choice (“I”). The descent speed advisory, or
controller's choice, isdisplayed in fieldten as a
Mach/IAS profile for jets, or an IAS profile for
propeller aircraft. Field eleven displays navigational
advisory data. Ithe aircraft is tracking its flight plan
route, an “R” isdisplayed.Otherwise, DA displays the
magneticheading tointercept the next fix alongyith

the fix identifier. For pathstretch cases, thifield
displays thedistance-to-ga(n.mi.) until the turn-back
point followed by the magneticheadingfor that turn.
The final field indicates the predicted crossing conditions

and an alphanumeric meter-list display. Controller (flight level ar_ld speed) at the meter fix. If tpentrollfar
inputs to DA were supported via keyboard function keyd0cks the trajectory for conformancetracking, this

and dwell options. To invoke a DA functiorfe.g.,
pathstretctmode)for a particularflight, the controller
would use the mouse tbwell the cursor on thaircraft
identifier within the meter list and depress the
appropriate functiokey. Inputswere enteredhe same
way with theaddition of an alphanumeristring (e.g.,
descent speed) followed by a carriage return.

The alphanumeric metéist is illustrated infigure
3. The listdisplays thecurrent Greenwichmeantime
(GMT) and the sequence ofarrivals for each STAR.
Aircraft are displayed irorder of meter-fix arrival,from
the bottom to top. Theequencdist containseleven
fields for each flight. The firstield displays theaircraft
identifier preceded by &+" symbol if the aircraft is a
Heavy type (e.g., DC10),and a“#" symbol if the
flight's STA has beerirozen by TMA. The second and
third fields indicatehe STA (hrmin:sec GMTand the
delay remaining to beabsorbed(min:sec). Fieldfour
presents theurrentspeed inMach numberand KIAS
for jets, or KIAS for propeller aircraft. Fieldfive
displays the cruise speed advisory status windltates
whether the controller hassuppressed cruisepeed
advisories (“S"), issuedhe advisory as aclearance
(“C"), or input their own cruisespeedchoice (“I”). The

column indicates the error in the vertical profile. This is
analogous to the feedback a pilot receives from an FMS
regarding the aircraft’s state relative to fdS vertical
navigation (VNAV) path.

1 2 3 4 5 6 7 8 9 10 11 12

™~
1729:41
RAMMS
ASH2257 183216 180 42 MBW 200 R
#MRK281 1820:25  .81/2755 51 GIL D .83/320 R
#UAL220 1800:8  .70/Z70 60 GLL 270 7NMH150
TOMSN
+#UAL782 1763:%  80/80 .82 48 EKR 280 R A195/250
#UAL286  1750: 2 751270 c 270 59 CHE D 250 H140CHE
#MRK100 1740:092:26 .60/50 PP+4 250 H130FQF
- /

Figure 3. Alphanumeric meter-list display.

DescenProcedures

The DA descent procedure and relatgaraseology
were based otthe procedures antessonslearnedfrom
previous field testings.6 The most significant
refinement involved the issuance of T@I@arances to
FMS-equippedypes. The previous testlowed FMS-
equipped types to initiate descent atthe pilot's
discretion based on the use of VNAV. Although DA had
been able toconsistently predict the VNAV TOD
within a few miles, the pilot discretionary nature of that
proceduredid not protect the controller against the

cruise speed advisory, or controller’s choice, is displaye@ossibility of anunpredictableTOD resulting from a

in field six in Mach number or KIASdepending on

VNAYV input error. The newprocedurestill allowed the

5
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pilot to descendalong theVNAV path as long as the
descentwas initiated within 5n.mi. of the TOD
clearance.

Turboprop descents, evaluated for the first time in
DA test, were based on ainertial flight path ratio of
4:1 (four miles for every thousand ft odltitude). This
procedurevas developedwvith ASH and evaluated over
two days of piloted-cal§Phasdll) simulation prior to
the test. Turbopropoperators favorthe power-on
descentsfor decreasingblock time and increasing
passenger comfort. The 4:1 ratio results ipredictable
altitude profile over thaange ofpossiblespeeds and
atmospheric conditions.

In all cases, the descent procedure calls forpthm
to monitor the descent andmake corrections, if
necessary, tachievethe meter-fix crossing restrictions
while maintaining thedescent speegrofile. This is
relatively simple for thepilot of an FMS-equipped
aircraft who uses VNAV to monitor the descent
progress. Therocedure isalso relatively simple for
turboprop typesbecause ofthe predictable altitude
profile and the relative easewith which pilots can
control the altitude profilewith power,over theentire
range of possible descentspeeds.For conventional-
equipped jets, the procedure is more challenberause
of the difficulty associatedwith monitoring descent

Phraseology

Due to therandommix of participatingand non-
participating flights during test periods, all participating
flights receivednotification to expect a DA clearance
40-15 minutes prior to TOD. Theeter-fix crossing
conditions for the STARs were published on the
Jeppesen chart. The Ddescent clearanceas generally
issued2—4 minutes prior to TOD. If thaircraft was
cruising in the highaltitude airspace (sectdd), the
DA-based clearance was issued as:

“Company123, maintain FL___ until ___ miles
E/WIN/S of (fix), descend andmaintain FL270,
maintain ___ Mach/___ knots in the descent.”

After handoff to the low altitude sector (13), the
descent was continued as:

“Companyl123, continuedescent at knots,
cross TOMSN at and maintain FL190 and 250 knots (or
RAMMS at 17,000 ft and 250 knots).”

progress along profiles that vary from flight to flight as

a function of descent speed, atmosphere, and weight.

For turboprops cruising in the lowaltitude
airspace, a single descent clearance was issued as:
“Company123, maintain FL___ until miles
E/W/N/S of (fix), cross TOMSN (0RAMMS) at and
maintain 16,000 ft, maintain ____ knots in descent.”
Training

Logistical limitationsseverelylimited the training
options for participating controllerand flight crews.

Airline operators have indicated the strong desire fomwo test controllerswere selected byhe FAA and

fuel-conservative idle-thrust descentalthough the
CTAS models (for fourtypes) had been validated in
simulation and workedwell in previousfield testing.6
(i.e., achieving fuetonservative descentslight crews
of conventional-equippegets indicatedthat they were
uncomfortable indescendingvithout a smallbuffer to
allow for errors. Toaddresghis issue, theperformance
models for conventional-equippeget types were
modified by the introduction of adrag scaling factor.
These drag model data were modified 136 in descent
to force aslightly earlier TOD. Compared to dixed-
flight-path-ratio approach, thdrag factor represents a
compromise whichprovides a buffer fopilots while
still providing for TOD optimization (as a function of
descent speed andtmospheric conditions) for the
airlines.

received training duringhe weekprior to the test. The
training included shadovoperation of the DA system
and several dress rehearsal periodthattest sectors. A
third controller joined thetest team for the last eight
days of testing and receivedone day of training.
Participating controllers at the test secterere not
selectedhhead oftime, butwere asked tgarticipate in
the test if they were on duty during a testriod. Sector
staffing practices,and the randomness of traffic
conditions, excluded the option of identifying
participating controllersand flight crews in advance.
Instead, a trainingpproachwas required toprepare any
sectorl3/14 controllerandany pilot arriving from the
northwest. All thesector13/14 controllersreceived a
one-hour briefing.

Training materialsvere distributed toall potential
participating flight crews.Each pilot received a two
page Jeppesen chart whicincluded a one page
description of thedescent procedure arghraseology,
and aone page description dhe test. Jet pilotalso

6
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received aone pageupdate totheir flight manual Table 1. Participating aircraft types
bulletins which complementedthe Jeppeserthart in

areasthat were unique totheir equipmentparticularly Jets Turboprop
VNAYV operations. FMS Conventional
. B757 B727 E120
TestConditions
. B B73S B737 BEO2
A target set of testcaseswas identified for EA32 DC10 DH8

evaluatingprocedures anttajectory predictionaccuracy
across a representative set of dedayations. Thalelay
situaFionsincIuded deIayveptoring but not holding (a The analysigresented irthis paperwill focus on
specialcase of delayectoring). The targetaseswere  ihe descentases. Thesdescents ardivided into three
bgsed oncombinations ofclearanceadwso_rytype and  gescent speecbrofile types (table 2). A goal in
aircraft type group. The clearance advisory types cqnquctingthe test was to obtain at least twiescent
evaluated inthis testincluded descents (TOD/descent- g foreachcombination ofaircraft type and descent
speed-profile), cruisespeed changes, cruisealtitude  gheeq profile type. The intent was dather data, albeit
changes, and pathstretch vectors. a limited set, touncoverhuman factors and modeling
issues associated with various types or speed profiles.

The nine participating aircraft types were

categorized inthree groups (table 1) including-MS- Table 2. Descent speed profile types
equipped jets, conventional-equipped jets, and
turboprops. Participating UAL flightsincluded six  Aircraft type Fast Nominal Slow

aircraft types: Boeing 727 (B727), Boeing 737-200
(B737), McDonnell Douglas DC-10-10 (DC1®oeing Jets Mach Accel. Mach/IAS 1AS Decel.
737-300/500 (B73S/V), Boeing 757-200 (B757), and Turboprops IAS Accel. N/A IAS Decel.
Airbus A320 (EA32). MRK flights included thBoeing

737-300/400 (B73S/F). Participating ASH flights _ ) _

included three turboproptypes: Embraer 120 (E120), The Fast profilefor jets involves adescent
Beechcraft 1900 (BEO2),and De Havilland DHC-8 acceleratiorfrom the cruise Mach to a hlgh_descent
(DH8). The B727, B737, DC10and turboprops are Mach, followed by_ aconstant Mach/IAS prof_lleand a
conventional-equipped types that navigate jetaroutes Ieve_l-off deceleration to 250 KIAS at t_he mefer. The
defined by VHF Omnidirectional Range (VOR) and Cchoice ofdescentMach and IAS (typically 320-340
Distance Measuring Equipment (DME) navigational KIAS) depends on aircraft typ_e and traffic cond|t|or_1. The
aids. Many of the DC10 types were alE@a-navigation Fast pr(_)fllefor turboprops involves arm_:celeratlon
(RNAV) equipped.The B73S, B757,and EA32 are from cruise IAS _to a hlghedesce_nllAS (typically 2_20
FMS-equippedtypes with both lateral navigation _KIAS). Typical pilot procedures |nvol\_/e aacceleration
(LNAV) and VNAV capability. Many of theB73s N descent to anaximum speed (defined by an IAS
aircraft also had RequiredTime of Arrival (RTA) offsetjust below theairspeed barber-polamit) with a

capability.  Although integrated RTA/TMA/DA transition to theclearance speedhen it isachieved at
operations have beestudied in simulation11.12,13the lower altitude. Thisbarber-pole-offset procedure, which

use of RTA wasbeyond the scope ofthis test. is approximatedvell by a constant MacHescent, is a
Logistical limitations of the tesgoupledwith the low ~ Popular method among turboprop operatorsréaucing
frequency of EA32 and DH8 flights during the test Ume of flight. The nominal profile typeapplied tojets
periods resulted imnly afew runs beingobtained for only, involves a descent at th_e cruise Mach, followed by
these types. For this reason, these two typese & constant IAS segment (typically 280-300 KIAS), and

removed from thelescent datanalysispresented in the & l€vel-off deceleration t@50 KIAS. The slowprofile
next section. type involves adeceleration, athe TOD, from the

cruise IAS to the descent IAS (typically 250-2RAS
for jets and 160 KIAS for turboprops)ollowed by a
descent at constant IAS to the meter fix.

7
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The majority of jetsenteredthe test at acruise
altitudes ranging from FL290 té&L370, and up to
FL410 for the B757. The cruisspeeds varied between

0.73-0.76 for the B737, 0.75-0.78 for the B73S, 0.78

0.82 for the B727and B757, and 0.80-0.85for the
DC10. The turboprop typesnteredthe testbetween
FL210-230, and up to FL250 for thel20. Thecruise
speeds varied between 165-1AS for the BEO2 and
170-200 KIAS for the E120.

Weatherconditionsvaried throughout the test and
included several periods of thunderstormactivity,
occasional pockets of turbulencaend several frontal

passages. The winds aloft were generally out of the weg

and northwestvith velocities at the upper flighevels
ranging between 40-120 knots.

Results and Discussion
A total of 185 participating flightseceived DA-

based descent clearancéhe resultgpresented here are
based on asubset of 89 flights: 38conventional-

equipped jets, 36 FMS-equipped jets and 15 turboprops.

Five of the 96excludedflights were EA32 or DH8
types. Thirty-six of theexcludedflights, which will be
analyzed in future work, involvedonventional-equipped
jets onheadingvectors. The remaining 55 flightsere
excluded because they were influenced by fadieysnd
the scope ofhis test. The exclusionriteria included:
transients in Hostgroundspeedtracking due to an
immediately preceding test clearance; clearance
communication errors (controller issuance or fligkew
copy); errors inflight crew’s operation of theilFMS;

Horizontal Profile

Observationsindicated that conventional-equipped
jets experienced cross-track errors up to 4.6 n.mi. due to
“errors in VOR course trackingand turn overshoot.
Errors associated with turboprop typssre similar and
slightly smaller in magnitude. Therrors associated
with FMS-equippedets were significantly smaller (as
would beexpected) andlypically less than 0.2%.mi.
(generally within the noise of the radar track data). Table
3 summarizes theross-track error characteristics for
eachtype. A cross-track errowas calculatedfor each
radartrack (approximately every 18econds)along a
fl{'ght's predictedpath. A positiveerror was defined as
eft of course. Each flight was then analyzed to
determine its average (mean)cross-track error and
variation (standard deviation) along its path.

Table 3 presents the mean astandarddeviation of
the flight cross-track errorgaverage andvariation)
acrossall flights. The absoluteralue of eachflight's
averagecross-track errowas used toprevent errors of
opposite sign from canceling.

Table 3. Cross-track error

Aircraft type Flight average  Flight variation
(meant SD, n.mi.) (meant SD, n.mi.)
FMS 0.12+ 0.16 0.18+ 0.10
Conventional 0.7& 0.55 0.76x 0.30
Turboprop 0.80+ 0.40 0.62+ 0.27

interruptions to the clearance due to weather (e.g., storm  For the FMS-equippedets, the small values for

cell avoidance, turbulence) orATC (e.g., early
TRACON vectors prior to the meter fix).

The descent data are based onsiagle advisory,
issued approximately 3@.mi. prior to TOD, and a
predictiontime horizon on theorder of 10 min for
turboprops and 15 min for jets. The data for
conventional-equippejits andturbopropsare based on
flights along published routes. Theata for FMS-
equipped jetare based ofilights along bothpublished
routes and direct routes the meteffix. The following
sections preserdescenttrajectory predictionaccuracy
results in terms oferrors in the horizontal profile,
altitude profile, and arrival time.

(and small standarddeviations about)average mean
cross-trackand average standadkviation indicatethat
modeling cross-traclerrors forthese type ofequipped
aircraft as a scatter of values abowgnaall biaserror is
appropriate. The relatively large values
conventional-equippefts andturbopropsindicate that
the samecannot besaid forthese types. Agxpected,
the cross-track error for these types was observed to vary
based oncoursegeometry. Theerror tended togrow

with distance, as aircraft tracked a VOR radial outbound,
and to vary across turns due to overshoot.

for

The most significaneffect of cross-track error was
to increasgor decrease)he actualdistanceflown for a
given routing. If an aircraft overshot a turn, emtered a
turn with cross-track errorthe actualdistance flown

* A separate effort is underway to study tracking errors would be greatefor less) than thedistance predicted

and to reduce their effect on trajectory predictions.
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along theplannedpath. Table 4 presents thegror in

distanceflown (actual -predicted)for all flights with a

turn of 20 deg or greater. As expectedhe greater
navigational accuracy of the FMS-equippets resulted
in significantly smallererrors inthe distance prediction
than for theconventional-equippepkts andturboprops.
Although thedistanceflown error (mearandvariation)

for conventional-equippedets and turboprops was
expected to increaswith turn size, the mearerror

results didnot. Themeanerror resultswere affected by
other factorghat influence pilot navigationtechnique.
For example, the negative meamror for turboprop
types for 20-25 deg turns wdse topilots cutting the
corner atthe AUTIM fix along theRAMMS1 arrival

via MBW.

Table 4. Distance flown error (mearSD), n.mi.

Aircraft type Largest turn in flight, deg

20-25 30-35 >40
FMS NA -0.01+ 0.07 0.13t

©) ) %y’
Conventional -0.41 0.5 0.32 0.36x
) (10) )

Turboprop -0.27% 0.33 0.47+ 0.46 NA

(10) (5) 0)

() sample size

Altitude Profile

Figures 4—6 illustrate the altitude profikrrors.
These figures present the altitugeror at common
trajectory eventsdefined along the predicted path.
Descent eventare defined relative to the TOD and
bottom-of-descen{BOD) of eachflight to facilitate
analysis acrosidividual flights with different altitude
profiles.

The profile for FMS-equippedjets (fig. 4) is
characterized by larger errors (below path) nikar TOD
compared tosmaller errors towardsthe BOD. The
variation in error decreasedowards the BOD as the
VNAV and DA profiles merge atthe crossing
restriction. Theerror (abovepath) at theBOD event is
caused by theilot’s transition to level flight which is
not currently modeled in the DA trajectory prediction.

EOOO ft

AMean Emor
S.D.

el
of
A /}/\

1 1 1
Meter Bottom Final
Fix  of Altitude Altitude

Descent+2000 ft+4000 ft

Figure 4. Altitude error profile (FMS).
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Figure 5. Altitude error profile (Conventional).
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Figure 6. Altitude error profile (Turboprop).
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The profile for conventional-equipped jets (fig. 5) is

characterized bysmaller errors (abovepath) near the

Table 5. TOD and BOD errors

TOD andlarger errors (belowpath) towardsthe BOD.
The meanerror initially increases (aboveath), just

after the TOD event, as pilots transition to thescent.
As aircraft continue the descent, the meamor tends to
fall below thepredictedpath. Both the meaerror and

variation tend to grow towards the BOD until the flights

begin tolevel-off nearthe meter-fix crossing altitude.
The steeper descenprofiles are attributed to a
combination of factors including: tharag-factorbias in

Aircraft type TOD error BOD error
(meant SD), n.mi. (meanzx SD), n.mi.
All -1.28 + 2.09 -1.60+ 3.53
All Jets -1.37+ 2.23 -1.76+ 3.80
FMS -2.41+ 2.48 0.47+ 1.33
Conventional -0.3% 1.39 -3.87+ 4.17
Turboprop -0.80+ 1.18 -0.84+ 1.54

the CTAS performance model; additional distance flowit/- indicates late/early)

due toturn overshootand abias error in the predicted
wind data.

The profile for the turboprop types (fig. 6) is
characterized by aelatively small error (mean and
variation) over the entire profile. Thesaall errors
reflect two factors: the robustness of an ineriéitude
profile to errors in performancenodeling and wind
prediction;andthe relativeeasewith which turboprop
pilots were able to track an inertial altitude profile.

Table 5 presents thalong-track error ofhe actual
TOD and BOD events. The BO&rorwas computed at
the positioncorresponding td000 ft above the BOD
altitude to remove the influence of tipdot level-off
technique. Theseéataclearly show the differences in
TOD and BOD prediction errors betweethe three
groups of aircraft type. BOD errors aresmaller for

Time Profile

The meter-fix arrivatime accuracy is summarized
in table 6. The first column alatapresents tharrival
time error as recorded during data collection. Histograms
illustrating thescatter for theselata are presented in
figures 7-11. Over all flights, the err@mean +SD) is
within 15 sec. Only 27% of the flights in table 6 had an
arrival time error greater than 15 secgfeaterlevel of
accuracy may be achieved, if desired, by the addition of a
mid-descent advisory update or a reduction in the
primary sources of trajectory prediction etfosuch as
wind prediction and aircraft tracking. Thesedata are
consistent with the results froearlier test.5 in that
the errors for conventional-equipped jets are characterized
by a significantly later mean (approximately 8 sec), and
greatervariation (4 sec), than foFMS-equippedets.
The use of LNAV and VNAV increases the
predictability of FMS-equippedypes byreducing the

FMS-equippedets, compared to conventional-equipped variation in the horizontabnd vertical profiles. For

jets, whereas the TOD errors are larger. These
differences aralirectly related tothe level of cockpit
automationand descenprocedure.For FMS-equipped
jets, theVNAV capability providespilot guidance to
the BOD while the VNAV TOD may differ slightly
from the DA TOD. Forconventional-equippegkts, the

lack of altitude profileguidance leads to a greater means

and variation in BOD error while tharocedurecalls for
the pilot to initiate descent atthe DA TOD. For
turboprop types, tha80OD and TOD errors areboth
relatively small due to the combination of TOD
procedurglsame as for conventional-equippgeds) and
the relativeeasewith which pilots track the altitude
profile.

turboprop types, the meaarror was relatively small
while the variation was opar with the conventional-
equipped jets.

Table 6. Arrival time errors

Aircraft type Arrival time error Adjusted arrival

(meant SD), sec time error

(meant SD), sec
All 0.9+ 14.2 -0.3+ 12.3
All Jets 1.4+ 13.9 -0.1+ 12,5
FMS -2.9+ 11.2 -3.1+ 11.0
Conventional 5.5 15.2 2.7+ 13.3
Turboprop -1.6+ 154 -1.3+ 11.8

(+/- indicates late/early)
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Much of the mearerrorandsome of the variation
for conventional-equippegets resulted from distance
flown errors. The second column déta intable 6 was
adjusted to remove the influence of distance flamors
(table 4). The adjustments weamadefor eachflight by
subtracting anequivalenttime error, calculated as the
ratio of the distance error and average flight
groundspeedThe adjustments result in r@duction in
the timeerrorfor conventional-equippegkts compared
to a negligiblechange inthe time error for FMS-
equipped jetsThe remainingdifferences inarrival time
error betweerconventional-and FMS-equippedets are
primarily due to the differences inthe altitude error
profiles for these two types (fig4,5). For the
conventional-equippedets, the altitude error (below
path) at the lower altitudes results inlaver-than-
predictedtrue airspeed(TAS) during aconstant IAS
descentFor the FMS-equippedets, thealtitude error
(below path) at the higher altitudes results islightly
higher-than-predictedTAS during a constant Mach
descent within the troposphere.

It was expected that the arrival time error
adjustments would havehe same affect on the
turboprop data as it did on tlenventional-equipped jet
data. Although the variation in time error for turboprops
wasreduced by3.6 sec, themeanerror was relatively
unchanged. This unexpectessult was attributed to the
combination of all turboprop flights which
coincidentally resulted in aegligible meandistance-
flown error. The 10flights that averaged0.27 n.mi.
shorter distance than predicted (20-25 deg turns)
compensated fahe 5 flights thataveraged.47 n.mi.
longer distance than predicted (30-35 deg turns).

Additional insight is gained byseparating thedata
by calendameriod. Table 7 presents the arrivahe
error data, for the jet typeseparated by calendar period

(period 1: September 13-31, 1995; period 2: October 31
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through November 8, 1995). Results from the previous The trajectory prediction accuracy was found to vary
field test (September 27-29, 1994re also presented. as a function of aircraft type with distinct advantages for
Comparisons between the two 1995 test periods reveallMS-equippedtypes. Thecross-track errofor FMS-
noticeableshift in meanarrival time prediction error  equipped jets was an order of magnitude smaller than for
from 5.2 sec late for the first period to %6c early for conventional-equippetiypes (jetsand turboprops) and
the second. First period results are similar to the resultgenerallywithin 0.25 n.mi.. The altitudeerrors tended
from the 1994 test. In particular, the FMS-equipped jetdo be smaller forFMS-equippedjets, compared to
have asignificantly smaller mearerror and smaller  conventional-equipped jets, with progressively leser
variation. However, the results from tlsecond period towardsthe bottom ofdescent. In additiorthe arrival
differ greatly. Although the relatively small sample of time errors for FMS-equipped jetgere slightly smaller
conventional-equippeget casesmay explain some of in mean, and 27% smaller in variation, than for
the differencesthe results for th&-MS-equippedcases conventional-equippepbts. Although the variation in
show a distinct shift in mean error with a slight increasearrival time error for turboprop types was similar to that
in variation. Since the test systeand procedures for conventional-equippegets, the altitude errors for
remainedconstantbetweenthe two test periods, the turboprop typeswere significantly smaller than the
most likely source for this shift in results is errors for the FMS-equippgdts. These results may be
atmospheric prediction error. used to develogonflict-probe errormodels based on
aircraft type and trajectory segment.
Table 7. Arrival time error (mean SD), sec

Aircraft type Test period Additional analysis of thefield test data will
1995 per. 1 1995 per. 2 1994  investigate the remaining trajectory cases, sharces

All Jets 52+ 12.8 96+ 112 2.4+ 13.1 andmagnitudes of the trajectomgrediction errors, and
T T T the humanfactors issues (both pilotand controller)

(55) (19) (24) associated with the DA descenfllow on studies are
FMS 04+ 93 -87+x12.1 -25+10.0 recommended to exterttie field test resultsover the
(23) (13) (12) expected range ajperational conditionand to validate

Conventional 8.4 13.9 -11.6+£9.6 7.4+ 14.3 that the CTAS modelingpproqch’nay beextended to
all types. Futurdield testing will focus oncontroller

(32) O (12) evaluation of conflict detection and resolution tools.

() sample size
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